C RNA MTases (Reid et al., 1999) . Sequence San Francisco, California 94148
alignment of the Fmu homologs shows a common core region that contains the AdoMet binding domain plus a conserved motif designated "N1." This family also Summary contains variable N-terminal and/or C-terminal extensions that allow separation into eight subfamilies. Fmu The crystal structure of E. coli Fmu, determined at 1.65 Å resolution for the apoenzyme and 2.1 Å resoluis a member of a widespread Eubacterial subfamily of enzymes that presumably modify the same base in 16S tion in complex with AdoMet, is the first representative of the 5-methylcytosine RNA methyltransferase family RNA. Nop2p of S. cerevesiae and the human nucleolar proliferation-associated protein p120 are members of a that includes the human nucleolar proliferation-associated protein p120. Fmu contains three subdomains second subfamily, and both appear to be necessary for assembly of 23S RNA into the large ribosomal subunit which share structural homology to DNA m 5 C methyltransferases and two RNA binding protein families. In (Gustafson et al., 1998; Hong et al., 1997) . Of particular interest is the finding that p120 is overexpressed in most the binary complex, the AdoMet cofactor is positioned within the active site near a novel arrangement of two tumor cells, and its inhibition has demonstrated a decrease in cell growth (Perlaky et al., 1996; Sato et al. , conserved cysteines that function in cytosine methylation. The site is surrounded by a positively charged 1999), suggesting it might serve as a novel target for therapeutic intervention. cleft large enough to bind its unique target stem loop within 16S rRNA. Docking of this stem loop RNA into Enzymes that methylate the C5 position of pyrimidines utilize the thiolate of cysteine to attack the 6-carbon of the structure followed by molecular mechanics shows that the Fmu structure is consistent with binding to the target pyrimidine base, forming a Michael adduct and thereby activating the 5-carbon for methyl transfer the folded RNA substrate. (Ivanetich and Santi, 1992) . All m 5 C DNA MTases contain the catalytic cysteine within an absolutely conserved Introduction ProCys dipeptide in motif IV (Cheng, 1995) . A homologous ProCys dipeptide is found in motif IV of Fmu (resi-A variety of RNA-modifying enzymes function in the posttranslational maturation of ribosomal RNA, with the dues 324-325), and it is conserved in all but one of the other RNA m C MTases is in the same position as the catalytic methylations (Rozenski et al., 1999) . Three of the twentyone methylated bases in rRNA are 5-methylcytosine cysteine of another AdoMet-dependent enzyme, tRNA m 5 U54 MTase (RUMT) (Kealey and Santi, 1991) , and this (m C967 is found in a conserved motif VI cysteine has also been shown to be the catalytic nucleophile in Fmu (Liu and Santi, 2000) . Since these 8 base loop that is implicated in tRNA binding within the P site of the mRNA-tRNA-ribosome complex (Yusutwo divergent RNA MTases utilize the same cysteine nucleophile, Liu and Santi surmised that the motif VI pov et al., 2001) . The methylation at 967 is catalyzed by cysteine would be the "universal" nucleophile of all of the E. coli protein Fmu (Gu et al., 1999; Tscherne et al., the RNA m We determined the crystal structures of E. coli Fmu Fmu is a member of a superfamily of S-adenosylin the unliganded and AdoMet-bound forms, the first L-methionine (AdoMet)-dependent methyltransferases three-dimensional structure of any RNA m 5 C MTase. (MTases) that act on a variety of small molecule, protein, Fmu consists of three domains, including an N-terminal and nucleic acid substrates. Structural data show that domain related to the NusB RNA binding protein, a small the core catalytic domain of these MTases is composed central domain, and a C-terminal MTase domain. The of a common structure reminiscent of the Rossmann structure reveals an active site in which the two confold. Sequence alignments of the catalytic domains of served cysteine residues are both accessible and known RNA and DNA MTases exhibit up to ten sequence closely positioned near the activated methyl of the cofactor. While one of these cysteine residues functions an active role in the methyltransferase mechanism. 
). e R cryst ϭ ⌺(|(I Ϫ ϽIϾ)|)/⌺(I). R free was calculated for a subset of reflections (5%) omitted from the refinement.
Results and Discussion
overall root-mean-square (rms) deviation of ‫7.0ف‬ Å between all corresponding C ␣ positions, with the largest deviations (Ͼ1 Å ) occurring at the AdoMet binding site.
Overall Structure of the E. coli Apo-Fmu and E. coli Fmu-AdoMet Complex
The Fmu monomer consists of three domains that form a bilobed molecule with dimensions of 71 ϫ 48 ϫ An initial model for the Fmu apoenzyme was determined using multiwavelength anomalous dispersion (MAD) 30 Å (Figure 1 ). The smaller lobe of the molecule is formed by an all ␣-helical N-terminal domain (residues phasing and 2-fold NCS averaging from selenomethionine-labeled crystals which diffracted to 2.25 Å resolu-5-145) that differentiates the Fmu subfamily from other RNA m 5 C MTases. The larger lobe of Fmu consists of tion (Table 1) . The partial MAD model, which corresponded to ca. 80% of the Fmu molecule, was then used the core region observed in all RNA m 5 C MTases, and it is composed of a small domain (residues 173-231) as a search model for molecular replacement against a native data set extending to 1.65 Å resolution. The that contains the conserved sequence motif designated "N1" (Reid et al., 1999) , plus the larger, catalytic resulting 1.65 Å Fmu structure refined to a final R factor of 21.8% (R free ϭ 25.6%) and comprises residues Arg C-terminal domain (residues 232-429 . This corresponds to approxiof eight ␣ helices packed into a globular bundle with mately half of the total surface area of the N1 domain, dimensions of 41 ϫ 41 ϫ 45 Å , with a hydrophobic core and demonstrates that the two domains form a common maintained by several conserved residues, principally structural core. In contrast, the N-terminal domain makes ) and no contact with the N1 dodemonstrates a structural repeat of two 65 residue segmain. In spite of the lack of a conserved RNA binding ments, with each repeat corresponding to four ␣ helices motif, the close association of the N1 and MTase doaligned over 56 equivalent C ␣ atoms with an rms deviamains suggest that any RNA bound in the active site tion of 1.836 Å (Kleywegt and Jones, 1997) ( Figure 2A ).
of the MTase domain is likely to interact with the N1 There is no sequence homology apparent for the two domain. structurally aligned segments, and thus there is no evidence that the structural repeat is the result of a gene duplication event.
The Fmu MTase Domain The N-terminal sequence of Fmu shares homology to
At the functional center of the catalytic lobe is the MTase another (noncatalytic) RNA binding protein, the ribodomain of Fmu (residues 232-429), which adopts a fold somal RNA antiterminator protein NusB (Gopal et al., typical of known AdoMet-dependent methyltransfer-2000). Alignment of the Fmu N-terminal domain with ases. The topology is a mixed seven-stranded ␤ sheet the structure of NusB from Mycobacterium tuberculosis arranged in the order 7-6-5-8-9-11-10, with all stands demonstrates that the two domains share the same fold parallel except ␤11. Within the ␤ sheet, this order corre-( Figure 2B ), with an rmsd of 1.54 Å for 95 C ␣ atoms sponds to the most common 3-2-1-4-5-7-6 arrangement that extends over six of seven helices common to both of strands observed in the "universal" MTase core (Fauproteins. Despite the structural homology between the man et al., 1999). The ␤ sheet is sandwiched on each two domains, the intradomain repeat observed in Fmu side by three ␣ helices: helices M, N, and O pack against is less obvious in the NusB monomer, where only four the side of the sheet that faces the central cleft, while of the seven helices of NusB can be internally aligned helices P, R, and S are positioned along the surface of (helix A with helix E and helix C with helix G). Helix B of the molecule ( Figure 3A ). The M, N, and O helices also NusB does not align with the helix F, but this is likely due pack against the ␤ sheet of the N1 domain. to the fact that helix B is involved in NusB dimerization.
The Fmu MTase domain demonstrates highest strucAlthough the overall sequence conservation between tural similarity to other RNA MTases, including two putaFmu and NusB is weak (25% identity), all sequences tive 2Ј-O RNA MTases, fibrillarin-homolog from M. janin the Fmu subfamily demonstrate a preponderance of naschi (Wang et al., 2000a) , and E.coli ftsJ (Bü gl et al., basic residues at the N terminus of this domain, similar 2000) (Z scores of 15.8 and 13.5, respectively). However, to the arginine-rich phosphate binding site present at the catalytic and substrate binding features of Fmu that the N terminus of NusB (Gopal et al., 2000) . The combitarget m extended loop (18-19 residues) that connects strand ␤8 to ␣R. In the 2Ј-O RNA MTases and the RNA m N6 A MTases, no catalytic residue is needed to activate the The Central "N1" Domain The catalytic lobe of Fmu comprises the conserved core substrates for methylation, and the corresponding loop observed in these structures is only 3-9 residues in identified in all of the putative RNA m 5 C MTase sequences. It begins with a small domain ‫06ف(‬ amino length (Bussiere et al., 1998; Schluckebier et al., 1997; Wang et al., 2000a) . In the DNA m 5 C MTases, this loop acids) that contains the conserved "N1" sequence motif followed by a MTase domain. The "N1" domain adopts contains the catalytic cysteine (motif IV), and it undergoes a large conformational shift upon binding its DNA a ␤␣␤␤␣␤ topology reminiscent of the RNA recognition motif (RRM) observed in a large number of RNA binding substrate that brings the cysteine residue into contact with the target cytosine base (Cheng et al., 1993a , proteins, with two helices packed to one side of an antiparallel ␤ sheet with right-hand twist. A comparison 1993b; Klimasauskas et al., 1994) . It is noteworthy, however, that in Fmu this loop contains not only the conwith a nonredundant database of known structures (DALI 2.0) (Holm and Sander, 1993) indicates weak strucserved Cys 325 of motif IV but also helix Q, which provides the only direct packing interactions between the tural homology to other RNA binding domains (Z score Ͻ 4) such as the U1A splicesomal protein and hnRNP A1 helical N-terminal domain and the catalytic lobe and is conserved in the Fmu RNA m 5 C MTase family. Thus, protein.
Although the N1 domain is structurally homologous to the interaction of helix Q with the N-terminal domain C MTase ternary complex, suggesting that the motif IV loop does not undergo a major conformational change upon binding substrate and that the active site of Fmu is properly ordered to bind the RNA substrate.
A Conserved Binding Pocket for AdoMet
As in other MTase structures, AdoMet binds in a pocket at the C-terminal ends of strands ␤5-␤7 where the conserved residues of motifs I-III are located ( Figure 3B ). Motif I, which adopts a tight hairpin turn that connects ␤5 and ␣N, functions to coordinate the carboxylate of AdoMet via the backbone nitrogens of Pro 257, Gly 258, and Gly 259, and a side chain amine of Lys 260 ( Figure  4A ). In addition, motif I contains the conserved residues Leu 253 and Cys 254, which form part of the hydrophobic pocket that binds the adenine ring. Motif II, located at the end of ␤6, coordinates the ribose hydroxyls through the carboxylate side chain of Asp 277 and the guanidinium of Arg 282. It also provides Van der Waals interactions with the adenine base through the side chain of Ile 278. Motif III, found at the C terminus of strand ␤7, coordinates the N6 and N1 of the adenine base through the side chain of Asp 303 and the backbone NH of Gly 304, respectively.
In addition to the specific AdoMet binding residues of motifs I-III, two other motifs present in Fmu and various DNA/RNA MTases provide residues that compose the remainder of the AdoMet binding pocket. Motif IV, located at the end of ␤8, contains Asp 322, which hydrogen bonds to the amino end of the AdoMet, while Leu 321 and Pro 324 pack against the adenine base. Motif V is represented by two conserved residues found within ␣R, Leu 352, and Ile 356. These residues present a hydrophobic surface along one edge of the AdoMet binding site and are in contact with the adenine.
The position and orientation of the AdoMet cofactor within the Fmu structure is similar to that observed in the DNA m 5 C MTase HhaI ternary complex with DNA (Klimasauskas et al., 1994) , except the adenine base is in a position that could be competent for methyl transfer. Thus, the Fmu binary complex contrasts with the HhaI DNA MTase binary complex where AdoMet is bound in a nonproductive orientation (Cheng et al., 1993b) .
(blue) presents a sizeable surface area to bind the folded rRNA substrate. Its main connection to the C-terminal lobe is through two short helices (magenta) at the base of the molecule. (B) Top view of Fmu, similar to that of Figure 1A , except rotated about the x axis by 90Њ. (C) Stereo C ␣ trace of the Fmu-AdoMet complex with landmark residues identified by amino acid sequence numbers. The orientation is similar to that of Figure 1A rotated Ϫ90Њ around the z axis. All ribbon diagrams were generated with the graphics program PyMOL (Delano Scientific). 
Two Conserved Cysteines in Fmu
hydryl group of Cys 375. The residues do not appear to form a disulfide bridge in either the apoenzyme or binary The RNA m 5 C MTase family demonstrates two conserved cysteine residues that lie within the active site complex structures, as attempts to refine a disulfide bond between these atoms resulted in an increase in of the MTase domain: Cys 325 in the ProCys dipeptide within motif IV and the catalytic Cys 375 in the ThrCys the R free . Instead, the close proximity of two conserved cysteine nucleophiles to the activated methyl group of dipeptide within motif VI. In the Fmu structure, Cys 375 is the first residue of a turn that follows ␤9, with the thiol the cofactor suggests that both residues could have a role in catalysis. sulfur within 4.9 Å from the activated methyl group of AdoMet. The side chain of Cys 375 is directed toward Based on analogy to the DNA m 5 C MTases, it was initially proposed that the Cys 325 within the ProCys of the active site cleft in both the apoenzyme and binary complex structures, and the orientation of this residue motif IV would serve as the catalytic nucleophile in the RNA m 5 C MTase family (Reid et al., 1999) . This notion is stabilized by hydrogen bonding and packing interactions between conserved residues within motif VI. Spewas compatible with a mutational analysis of Nop2p, a member of subfamily II of the RNA m 5 C MTases found cifically, the hydroxyl group of Thr 374 makes two specific hydrogen bonds that stabilize the backbone of the in Saccharomyces cerevisiae (Reid et al., 1999) where site-directed mutants of the cysteine in the ProCys motif polypeptide chain, one with the backbone nitrogen of Ser 376 and the other to the amide oxygen of the side resulted in a lethal phenotype, while mutants of the cysteine in the ThrCys motif had only a subtle affect on chain of Asn 382.
The other conserved cysteine residue, Cys 325, is growth. However, in Fmu, subsequent biochemical analysis of site-directed mutants demonstrated unequivolocated at the end of ␤8 and, based upon a superimposition with the HhaI DNA m 5 C MTase, it aligns with the cally that Cys 375 of motif VI is the catalytic nucleophile (Liu and Santi, 2000) . In this work, a Cys375Ala mutant position of the catalytic Cys 81 ( Figure 4B ). The sulfhydryl of Cys 325 is also positioned at the base of the enzyme did not methylate C967 of 16S RNA, nor did it form a covalent bond with an RNA substrate substituted active site cleft, 5.7 Å away from the activated methyl group of AdoMet and approximately 3.5 Å from the sulfwith 5-fluoro-cytosine (5-FC), while a Cys325Ala mutant enzyme retained the ability to methylate the target base the C5 of pyrimidines, Fmu activates the C5 of the pyrimidine ring via Michael adduct formation at C6 using Cys and to form a covalent bond with the 5-FC-substituted substrate. Still, the Cys325Ala Fmu does have reduced 375 as the catalytic nucleophile. The geometry of the active site makes it likely that the subsequent addition specific activity (‫-3ف‬fold), suggesting a secondary role for this residue in catalysis. Recently King and Redman of the methyl group of AdoMet occurs in trans. Following have obtained data that support assignment of the motif attachment of the methyl group, a general base is re-VI Cys as the catalytic nucleophile (King and Redman, quired to , 1996) . The finding of stable RNAdetectable methyltransferase activity while the motiv VI protein complexes in the yeast enzymes that are mumutant enzyme did not. Further, they observed high tated at the residue corresponding to Cys 325 suggests molecular weight complexes of both proteins on SDS that this residue is involved in product release (King and gels when the motif IV cysteine was mutated. With the Redman, 2002). The location and orientation of Cys 325 Ncl1p motif IV mutant, they were able to demonstrate in the Fmu structure suggest that the motif IV cysteine that these were RNA-protein complexes. Motif VI muhas the potential to act as the general base in the ␤ tants do not form these SDS-stable RNA-protein comelimination of a proton from the methylated cytosine plexes. They surmise that the stable RNA-protein comring. If Cys 325 is fulfilling the proposed role, the posiplexes result in a block in the processing of rRNA, tions of Cys 375 and Cys 325 support nucleophilic attack providing a basis for the lethality of the motif IV cysteine and ␤ elimination occurring on the same side of the mutants. They proposed a model that assigns the genpyrimidine ring. eral function of aiding RNA release to the motif IV cysteine.
Targeting C967 of 16S rRNA The Fmu structure we have presented here with its
Although the various RNA m 5 C MTase enzyme families unusual arrangement of two nearby cysteine residues are likely to target distinct RNA structures, it is expected within the active site allows us to propose a more spethat they utilize a common sequence motif for cytosine cific model for the reaction mechanism of the RNA m 5 C MTases ( Figure 5 ). Like other enzymes that methylate recognition. In the DNA m 5 C MTases, residues in motifs VI and VIII function in the recognition and positioning feasibility of the complex structure. The results of the MD simulation (data not shown) indicated that the modof the target cytosine base. Within motif VI, a conserved carboxylic acid residue (Glu 119) forms hydrogen bonds eled complex was both structurally feasible and energetically stable. The minimized model demonstrated to the N3 and N4 atoms of the target cytosine base, while Arg165 of motif VIII hydrogen bonds O2 of the that the RNA stem loop would easily fit into the cleft, resulting in extensive interactions between the charged cytosine (O'Gara et al., 1996) . In the initial assignment of conserved sequence motifs (Reid et al., 1999) , it was phosphate backbone of the RNA with the electropositive surface generated by the N-terminal domain and the N1 suggested that a conserved acid at the end of motif VI of the RNA m 5 C MTases (Glu 381 of Fmu) might perform domain ( Figure 6C ). Based on the structure of Fmu and the known structure for this portion of 16S RNA, the a similar function. However, this residue is buried within a loop underneath the Fmu active site and is inaccessimodel is therefore consistent with a specific mode of binding folded RNA. ble to both solvent and presumably to the bound rRNA stem loop.
While it is plausible that there is a conformational Conclusion change between the N1 and MTase domains upon bind-
The structure of Fmu provides the first look at a member ing RNA that allows for the repositioning of the motif VI of the RNA m 5 C MTase family and gives insight into the loop to interact with the target base, alternative residues mechanism of methylation and recognition of the target could also function in base recognition. One possibility cytosine base within the specific three-dimensional fold is that Asp 322, a conserved residue that precedes the of the 16S rRNA substrate. The structure features a ProCys of motif IV and lies at the end strand ␤8, performs novel arrangement of two conserved cysteine residues this function. This residue, which forms part of the Adopositioned near the AdoMet cofactor, with Cys 375 apMet binding pocket and makes a hydrogen bond to the propriately oriented to serve as the catalytic nucleophile. cofactor, superimposes with the sidechain of Glu 119
The position and orientation of the nearby Cys 325 sugin the HhaI structure. Another candidate for an acidic gests a model for the reaction mechanism in which this residue that could fulfill the role of the HhaI Glu 119 in residue serves as the base in the ␤ elimination of a Fmu is D420 in motif VIII, which corresponds to the proton from the methylated cytosine ring. The structure conserved Arg 165 of HhaI. Because these two enzymes also reveals two RNA binding domains associated with use different catalytic Cys residues, the cytosine is likely a methyltransferase core which together generate a posto be positioned differently within the catalytic pocket, itively charged cleft capable of binding the RNA stem possibly with the positions of C5 and C6 switched relaloop of 16S RNA containing the target base C967. Based tive to these positions in HhaI.
on the shape of the cleft and the position of the active Fmu and other members of subfamily I of RNA m 5 C site cysteine and AdoMet cofactor within the cleft, we MTases specifically target C967, a base within a conpropose that both putative RNA binding domains interserved loop following helix 31 of 16S rRNA. Previous act with the RNA substrate to guide the target cytosine biochemical experiments have shown that Fmu cannot base into the active site. methylate unmodified 30S subunits of the ribosome (Weitzmann et al., 1991) (Gu et al., 1999) . was carried out as described (Gu et al., 1999) . SelenomethionineThus, it is likely that Fmu acts upon 16S rRNA prior to labeled Fmu used for MAD phasing experiments was expressed formation of the mature 30S subunit. refined complex structure to assess the stability and the Se-Met crystals were much larger and grew as incomplete cylincofactor. A density modification procedure was applied in CNS, and model building was performed in QUANTA (Oldfield, 2002) . After the drical rods. Prior to data collection, all Fmu crystals were transferred to mineral oil, then flash cooled to Ϫ170ЊC. Native Fmu and Fmufirst round of refinement against all the data to 2.0 Å , R cryst ϭ 34.1% and R free ϭ 36.8%. Subsequent refinement cycles were repeated as AdoMet data were collected to 1.65 and 2.0 Å , respectively, at the Stanford Synchrotron Radiation Laboratory (Beamline 9-1; ϭ described above for the unliganded Fmu structure. Two cycles of this protocol improved the model/data agreement to an R cryst ϭ 0.921) using an ADSC CCD detector and a 1Њ oscillation per image. Both crystallized in the space group P2 1, containing one molecule 25.6% and R free ϭ 30.4. Finally, TLS refinement in Refmac5 followed by individual isotropic B factor refinement further improved the per asymmetric unit, with unit cell dimensions of a ϭ 59.48 Å , b ϭ 48.64, Å c ϭ 86.65 Å , and ␤ ϭ 108.59Њ for the native data and a ϭ model/data agreement to an R cryst ϭ 23.1% and R free ϭ 27.6%. The final Fmu-AdoMet model contains residues 5-429 and 200 waters. 57.03 Å , b ϭ 49.00 Å , c ϭ 87.00 Å , and ␤ ϭ 108.45Њ for the FmuAdoMet complex. The three-wavelength MAD data were measured to 2.25 Å from a single SeMet Fmu crystal at the Advanced Light Source (Beamline 5.0.2) with each wavelength collected over two
Modelling of Fmu-RNA Complex A model of the Fmu/16S rRNA step loop complex was created using 90Њ sweeps separated by 180Њ in , using an ADSC CCD detector and a 1Њ oscillation per image. The Se-Met Fmu protein also crystalthe structure of Fmu described in this work and the structure of the 56 nucleotide region of 16S rRNA (PDB code 1FKA). The rRNA lized in space group P2 1 , but with a slight change in packing that resulted in two molecules per asymmetric unit and cell dimensions structure was manually docked as a rigid body to the Fmu structure such that C967 was positioned proximal to both Cys 375 and the of a ϭ 87.53 Å , b ϭ 48.56 Å , c ϭ 114.83 Å , and ␤ ϭ 107.79Њ. All data were reduced with the HKL suite of programs and the individual activated methyl group of AdoMet. data sets imported into both the CCP4 and CNS crystallographic program suites.
Molecular Mechanics Model of Complex
The parm99 (Wang et al., 2000b) force field was used to assign Structure Determination and Refinement Anomalous and dispersive difference Patterson maps were calcuparameters for all atoms and bonds in the system, but parameters for the covalent bond between the SG sulfur of Cys 375 in Fmu and lated for the SeMet Fmu data using CNS, from which a heavy atom positional search gave solutions for eight of the nine selenium the C6 of cytosine 967 were not available, so we assigned these parameters by analogy. The parameters for the AdoMet cofactor atoms. Heavy atom positional refinement and subsequent phase calculations were conducted using the maximum-likelihood phasing were derived using the program ANTECHAMBER (J. Wang et al., 2001 , Pap. Am. Chem. Soc., abstract). In order to refine the complex program SHARP, and examination of residual difference Fourier maps revealed no additional sites. Phase improvement via iterative model to satisfy a proposed catalytic mechanism, a set of three distance restraints were applied to the system. The SG atom of Cys density modification and NCS averaging was performed on the data (wavelength 1) using a modified solvent-flattening protocol in the 325 was restrained to 3.15 Å of the H5 atom of C967. The C5 atom of C967 was restrained to 3.15 Å of the CH 3 group on AdoMet. The program SOLOMON (Abrahams, 1996) and resulted in 2.25 Å electron density maps with readily interpretable features. Using the CG atom of Asp 322 was restrained to 3.15 Å of the N4 atom of C967. graphics program QUANTA (Oldfield, 2002) , ‫%08ف‬ of the model was built into the density; subsequently, this model was used for All MD simulations used the AMBER all-atom force field parameters with a 9.0 Å nonbonded cutoff, and a 2 fs time step. A constant molecular replacement into the 1.65 Å native data in the program AMORE (CCP4, 1994) . A density modification procedure was applied pressure periodic boundary was used. The SHAKE algorithm (Ryckaert et al., 1977) was used to constrain the lengths of all bonds to in CNS (Brü nger et al., 1998) , and additional model building was performed in QUANTA (Oldfield, 2002) . After the first round of refinehydrogen atoms. The system temperature was regulated with the Berendsen algorithm (Berendsen et al., 1984) using separate solute/ ment, R cryst ϭ 34.1% and R free ϭ 36.8% (5% of the data). Subsequent refinement cycles were repeated using the standard maximum likelisolvent scaling factors of 0.5 ps Ϫ1 and 0.5 ps Ϫ1 respectively. Following minimization, 20 ps of MD was run to heat from 0 K to hood target function and simulated annealing-torsion angle dynamic refinement followed by 100 cycles of Powell minimization; with ani-298 K. The system was run at 298 K for another 20 ps to equilibrate. The system was then run unrestrained for 480 ps. sotropic temperature factor and bulk solvent correction. Three cycles of this protocol improved the model/data agreement to an R cryst ϭ 23.6% and R free ϭ 27.4% (5% of the data). Using the same R free set of reflections, TLS refinement was carried out in Refmac5 Acknowledgments (CCP4, 1994), followed by individual isotropic B factor refinement which gave an R cryst ϭ 21.8% and R free ϭ 25.6%. The density for
We thank Sanjay Agarwalla for mechanistic discussions and critical reading of the manuscript. This work was funded by a grant from residues Met 1-Lys 4 and Lys 429 were disordered and were not included in the final model. Figure 1 , and the AdoMet cofactor is rendered in stick representation with carbons colored cyan. (C) A molecular surface representation of Fmu, colored by its local electrostatic potential (blue, ϩ8KT; red Ϫ8KT) without and with the folded RNA substrate. The portion of the active site cleft that directly contacts the modeled RNA is predominantly electropositive. The surfaces were generated with GRASP (Nicholls, 1992).
